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Modulation of Vacuolar pH Is Required for Replication of
Edwardsiella ictaluri in Channel Catfish Macrophages
Wes A. Baumgartner,a* Lidiya Dubytska,a Matthew L. Rogge,a* Peter J. Mottram,a Ronald L. Thunea,b
Department of Pathobiological Sciences, School of Veterinary Medicine, Louisiana State University, Baton Rouge, Louisiana, USAa; School of Animal Science, Louisiana
State University Agricultural Center, Louisiana State University, Baton Rouge, Louisiana, USAb

E

dwardsiella ictaluri, a Gram-negative rod-shaped bacterium, is
the etiological agent of enteric septicemia of catfish (ESC) (1).
This disease is a leading cause of mortality in channel catfish
(Ictalurus punctatus) production facilities, with a substantial negative economic impact throughout the industry (2). Enteric septicemia of catfish presents most commonly as an acute septicemia
with a propensity for infection of the head kidney, but also the
liver, spleen, trunk kidney, and intestine (3). Infection of the head
kidney is of particular relevance because E. ictaluri can enter, survive, and replicate in primary cell cultures of head kidney-derived
macrophages (HKDM) (4), making it a facultative pathogen of
professional phagocytes.
Using signature-tagged mutagenesis (STM), Thune et al. (5)
identified several E. ictaluri virulence-related genes in an immersion challenge model. It was interesting that a urease operon was
discovered, even though E. ictaluri is urease negative in standard
biochemical tests. Subsequent characterization of the E. ictaluri
urease showed that invasion and uptake of wild-type (WT) and
urease mutant strains of E. ictaluri were not significantly different
following immersion challenge of catfish. After initial invasion,
however, the mutant was unable to increase in numbers (6). A
gentamicin survival assay with HKDM also indicated that initial
uptake was not significantly different but that the urease mutant
was unable to replicate within HKDM. Further in vitro studies
showed acid activation of the E. ictaluri urease, with activity increasing as the pH declined. Experiments in minimal media indicated that E. ictaluri survives very well at low pH but replicates
poorly at pHs below 6. Booth et al. (6) also showed that the WT
strain can increase the environmental pH from as low as 2.5 to
over 6.0, and from pH 5 to over 7, by converting urea to ammonia
in minimal media containing urea. Additional studies, however,
demonstrated that urease activity is not required for acid resistance. Taken together, these data suggest that the urease pathoge-
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nicity island is involved in pH modulation of the E. ictaluri-containing vacuole (ECV) and that the ECV pH is either maintained
near neutral or increased to a level that is permissive for replication following initial acidification by H⫹-ATPases in the vacuolar
membrane. Although a source of urea for this activity is not readily apparent, the identification of arginine decarboxylase (adiA) as
a potential virulence factor in the STM study led to speculation
that AdiA could be involved in de novo synthesis of urea, which
could be metabolized to ammonia by the urease enzyme (5). This
was subsequently disproved using gene-specific mutants (unpublished results from our lab). Another possible source of urea is the
macrophage-encoded arginase enzyme, a manganese metalloenzyme that hydrolyzes arginine to ornithine and urea in the host
cell cytoplasm, regulating inducible nitric oxide synthase (iNOS)
production of nitric oxide (NO) through modulation of the arginine supply (7, 8). Consequently, the primary objective of this
study was to evaluate changes in the pH of the ECV during E.
ictaluri infection of HKDM, using a urease knockout mutant; L-
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Previous in vitro work demonstrated that Edwardsiella ictaluri produces an acid-activated urease that can modulate environmental pH through the production of ammonia from urea. Additional work revealed that expression of the E. ictaluri type III
secretion system (T3SS) is upregulated by acidic pH. Both the urease and the T3SS were previously shown to be essential to intracellular replication. In this work, fluorescence microscopy with LysoTracker Red DND-99 (LTR) indicated that E. ictaluri-containing vacuoles (ECV) became acidified following ingestion by head kidney-derived macrophages (HKDM). In vivo ratiometric
imaging demonstrated a lowered ECV pH, which fell to as low as pH 4 but subsequently increased to pH 6 or greater. Inhibition
of vacuolar Hⴙ-ATPases by use of the specific inhibitor bafilomycin A1 abrogated both ECV acidification and intracellular replication in HKDM. Failure of an E. ictaluri urease knockout mutant to increase the ECV pH in the in vivo ratiometric assay suggests that ammonia produced by the urease reaction mediates the pH increase. Additionally, when the specific arginase inhibitor
L-norvaline was used to treat E. ictaluri-infected HKDM, the ECV failed to neutralize and E. ictaluri was unable to replicate. This
indicates that the HKDM-encoded arginase enzyme produces the urea used by the E. ictaluri urease enzyme. Failure of the ECV
to acidify would prevent both upregulation of the T3SS and activation of the urease enzyme, either of which would prevent E.
ictaluri from replicating in HKDM. Failure of the ECV to neutralize would result in a vacuolar pH too low to support E. ictaluri
replication.

norvaline, a specific inhibitor of arginase; and bafilomycin A1, a
specific inhibitor of vacuolar H⫹-ATPases.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Wild-type E. ictaluri 93-146 was
isolated from moribund channel catfish in a natural outbreak of ESC on a
commercial farm. The urease mutant strain (⌬ureG::Km) carries a miniTn5Km insertion in the ureG gene of E. ictaluri 93-146, abrogating urease
activity (6). Strains were grown in porcine brain heart infusion broth at
28°C. A defined minimal medium for E. ictaluri was also used (9), with
minor modifications as indicated below. Antibiotics were used at the following concentrations, as needed: kanamycin (Km), 50 g/ml; colistin
(Col), 10 g/ml; and ampicillin (Amp), 200 g/ml. When necessary,
numbers of E. ictaluri CFU were determined by making triplicate 10-fold
serial dilutions in sterile phosphate-buffered saline and drop plating 20-l
aliquots on Trypticase soy agar plates supplemented with 5% defibrinated
sheep blood (BA) for colony counting.
SPF channel catfish. Channel catfish egg masses were obtained from a
commercial producer with no history of ESC outbreaks. The eggs were
disinfected with 100 ppm free iodine and hatched in closed recirculating
systems in the specific-pathogen-free (SPF) laboratory at the Louisiana
State University School of Veterinary Medicine. All experimental fish
were maintained continuously in the SPF laboratory, fed commercial catfish feed, and reared to a weight of 1 to 1.5 kg. Holding systems consisted
of four 350-liter round fiberglass tanks connected to a 45-liter biological
bead filter (Aquaculture Systems Technologies, New Orleans, LA). Water
temperature was maintained at 23 ⫾ 2°C. Water quality parameters, including total ammonia nitrogen, total nitrate, pH, hardness, and alkalinity, were determined 3 times per week using a Hach water quality kit
(Hach Company, Loveland, CO). Water quality was adjusted to maintain
optimal conditions. All animal experiments were conducted under protocols approved by the Institutional Animal Care and Use Committee and
the Inter-Institutional Biological and Recombinant DNA Safety Committee of Louisiana State University.
Gentamicin survival assay. A standard gentamicin survival assay using HKDM (4) was used to evaluate the ability of WT and mutant E.
ictaluri to enter, survive, and replicate in HKDM under various conditions. Briefly, 1 to 1.5 kg channel catfish were euthanized with 200 mg/liter
tricaine methanesulfonate and bled via phlebotomy to exsanguination.
The head kidney, which is equivalent to mammalian bone marrow, was
removed using sterile technique and macerated in a cell dissociation sieve
(stainless steel mesh; 280 and 140 m) (Sigma-Aldrich, St. Louis, MO) to
collect a single-cell suspension. Cell viability was determined by trypan
blue exclusion. Dissociated cells were suspended to a final concentration
of 1 ⫻ 107 live cells/ml in channel catfish macrophage medium (CCMM),
consisting of RPMI 1640 medium without phenol red or L-glutamine
(Lonza, Walkersville, MD) but containing 1⫻ glutamine substitute
(GlutaMAX-I CTS; Gibco, Invitrogen Corporation, Carlsbad, CA), 15
mM HEPES buffer, 0.18% sodium bicarbonate (Gibco), 0.05 mM 2-mercaptoethanol (Sigma Chemical Co., St. Louis, MO), and 5% pooled channel catfish serum that was heat inactivated at 56°C. All media were diluted
to the catfish tonicity of 240 mosmol/kg H2O by adding sterile deionizeddistilled water at a 1:9 ratio. One milliliter of the cell suspension was added
to each well of a 24-well Biocoat poly-D-lysine tissue culture plate (Becton,
Dickinson Labware, Bedford, MA), allowed to adhere for 16 h at 28°C
with 5% CO2, and returned to fresh CCMM for infection after three
washes with catfish RPMI. Attached cells were infected at a multiplicity of
infection (MOI) of 1 bacterium to 10 HKDM, using bacteria previously
opsonized for 30 min in autologous serum. To synchronize infection,
plates were centrifuged at 400 ⫻ g for 5 min and then incubated for 30
min, followed by the addition of 100 g/ml gentamicin for 1 h to kill
extracellular bacteria. Cells were washed once in catfish RPMI and placed
in CCMM with a static dose of 0.5 g/ml gentamicin. After 0, 4, 8, or 10 h
of incubation at 28°C with 5% CO2, HKDM were washed with catfish
RPMI and lysed by adding 100 l of 1% Triton X-100 (Fisher Scientific,
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Fair Lawn, NJ). The number of CFU/ml was determined by dilution and
drop plating, and the fold increase was calculated by dividing the number
of bacteria present at 4, 8, or 10 h by the number present at 0 h.
Acidification of the ECV as evaluated using LTR. Prior to infection,
bacteria were stained with Oregon Green 514 carboxylic acid succinimidyl
ester (OG) (Invitrogen, Carlsbad, CA). Infected HKDM were stained with
30 nM LysoTracker Red DND-99 (LTR) (Invitrogen). Cells were imaged
by fluorescence microscopy at 510 and 577 nm for OG and LTR (Invitrogen), respectively, and by differential interference contrast (DIC) microscopy. Three groups of 100 bacteria each were counted from each treatment, and the average percentage of those that colocalized with the
acidified LTR-stained vacuoles was determined for each period. Prior to
the experiment, the gentamicin survival assay was used to demonstrate
that OG staining of the bacteria did not affect intracellular replication of E.
ictaluri in HKDM. For fluorescence microscopy, HKDM were prepared as
described above and seeded on BioCoat poly-D-lysine-coated glass coverslips (Becton Dickinson) in 24-well tissue culture plates. Cells were incubated overnight at 28°C with 5% CO2, washed 3 times with RPMI medium, and used in the gentamicin exclusion assay as described previously,
except that the MOI was 1 bacterium to 1 HKDM. At 30, 90, and 150 min
postinfection (mpi), 30 nM LTR was added, and counts of acidified and
neutral vacuoles were made 60 min later, at 90, 150, and 210 mpi. Additional experiments evaluated ECV acidification when LTR was maintained on the cells for the full 210 min of the assay.
In vivo ratiometric determination of ECV pH. In order to further
validate the LTR results, live-cell ratiometric imaging was used to directly
measure intravacuolar pH. The differential pH sensitivity of OG fluorescence in the acidic range allows ratiometric estimation of the pH in cellular vacuoles. Staining of bacteria by OG was performed according to a
previously described protocol (10). Dead wild-type bacteria (WTD) were
produced by incubating stained bacteria at 70°C for 30 min, and killing
was confirmed by plating on blood agar. When excited at 510 nm, OG
fluorescence emission at 535 nm decreases as the pH decreases, while
excitation at 450 nm does not vary as the pH changes. Excitation of OGstained bacteria at both 510 nm and 450 nm in rapid succession allows
calculation of the ratio of the measured fluorescence at 510 nm to that at
450 nm. The ratios calculated at different pH levels can then be used for
comparative purposes to estimate the pH of infected vacuoles.
To conduct the ratiometric experiments, HKDM were harvested, cultured, and infected as described above for the gentamicin assay, except
that 1 ⫻ 107 cells were plated onto 35-mm poly-D-lysine-coated no. 1.5
borosilicate German glass-bottom dishes (MatTek, Ashland, MA) and the
cells were infected at an MOI of 10 bacteria to 1 HKDM with either live or
killed OG-stained WT bacteria. For calibration, infected HKDM were
incubated in ionophore calibration solutions containing 140 mM KCl, 1
mM MgCl2, 0.2 mM EGTA, and 20 mM morpholineethanesulfonic acid
(MES), adjusted to pH 4, 5, and 6 with NaOH, and also containing 5
g/ml nigericin and 5 M monensin to collapse pH gradients across
membranes (10). For each experiment, an in situ calibration curve was
made, and each experiment was repeated three times on different days
with different fish and bacterial cultures. Using the same dish for all pH
calibrations, HKDM were sequentially bathed for 8 min in each solution
and were visualized with a Zeiss Observer Z1 microscope with CO2 module S and TempModule S (Carl Zeiss MicroImaging GmbH, Jena, Germany), using a 63⫻ oil objective and a stage insert (heating insert P;
PeCon GmbH, Erbach, Germany), supplied with humidified CO2 at 5%,
and maintained at a temperature of 28°C. Illumination was provided by a
Lambda DG-4 175-W xenon arc lamp (Sutter Instrument Co., Novato,
CA). Filter sets used for OG included a Chroma 71001 dual exciter (green;
440/20 and 495/10) with a single 535/25 emitter (Chroma Technology
Corporation, Bellows Falls, VT). Digital images were captured using Zeiss
AxioVision software, version 4.8.1, and the ratiometric data were analyzed
with the AxioVision physiology acquisition module (Carl Zeiss, Germany). Edwardsiella ictaluri-infected HKDM used to measure experi-
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FIG 1 Intracellular survival and replication of wild-type E. ictaluri (WT) and
the Oregon Green 514-stained WT (OG-WT) in channel catfish HKDM. Both
WT and OG-WT levels increased approximately 20-fold by 10 hpi. Results for
the WT and OG-WT were not significantly different from one another at any
time point (P ⱕ 0.05), indicating that OG staining of E. ictaluri does not affect
replication in HKDM. Results are presented as means and standard errors of
the means for three wells per treatment and are representative of three independent experiments.

mental data were exposed to a 0.5-g/ml static dose of gentamicin after
the killing dose of gentamicin.
Effect of bafilomycin A1 on ECV acidification and E. ictaluri replication within HKDM. Bafilomycin A1 is a known inhibitor of vacuolar
H⫹-ATPases, but to confirm its activity in channel catfish HKDM, heatkilled E. ictaluri were used in a phagocytosis assay in 24-well plates. The
HKDM were pretreated with 100 nM bafilomycin A1 for 15 min, after
which killed bacteria were added at an MOI of 1:1. Following 90 min,

bafilomycin A1 was removed from half of the wells. One hour later, LTR
was added to all wells and incubated for another 60 min. Cells in all wells
were fixed in 4% paraformaldehyde for 30 min and imaged with DIC and
fluorescence microscopy at 577 nm.
To determine the potential effect of bafilomycin A1 on the intracellular
replication of E. ictaluri, gentamicin exclusion assays were conducted as
described previously, after first determining that bafilomycin A1 had no
effect on the growth of E. ictaluri in CCMM without HKDM. Treatments
included exposure to 100 nM bafilomycin A1 from 15 min prior to infection until the gentamicin killing dose was removed and exposure to 100
nM bafilomycin A1 from 15 min prior to infection until the macrophages
were lysed and plated. Infected HKDM that were not treated with bafilomycin A1 served as controls. To determine if the effect of bafilomycin A1
actually occurred later in the infection, assays were also conducted where
bafilomycin A1 was added at 110 and 210 min postinfection and remained
throughout the assay.
Neutralization of the ECV. To establish the role of the E. ictaluri
acid-activated urease in the neutralization of the ECV, the urease knockout strain was compared to the WT in the live-cell ratiometric assay described above. To establish HKDM arginase activity as the source of urea
for the urease enzyme, the ratiometric imaging assay was repeated using
HKDM incubated overnight in 10 mM L-norvaline (Sigma, St. Louis,
MO), a specific arginase inhibitor. Cells were processed as described
above, except that 10 mM L-norvaline was maintained during both the pH
calibration and experimental measurements. Finally, to evaluate E. ictaluri replication in HKDM when the ECV does not neutralize, gentamicin
survival assays were conducted in the presence of 10 mM L-norvaline
throughout the assay, until cells were lysed for bacterial enumeration at 0,
4, and 10 h postinfection (hpi). Infected HKDM without L-norvaline
served as controls.

FIG 2 Fluorescence microscopy with HKDM stained with LysoTracker Red (LTR) and E. ictaluri stained with Oregon Green 514 (OG). (A) DIC image with a
box visualizing the area depicted in frames B, C, and D. (B) E. ictaluri stained with OG. (C) E. ictaluri vacuoles stained red with LTR, indicating acidification. (D)
Colocalization of OG-stained E. ictaluri and acidified vacuoles. Panel A also shows the location of E. ictaluri within the HKDM.
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FIG 3 Percentages of bacteria contained within acidified vacuoles in HKDM
stained with LTR from 30 to 90, 90 to 150, and 150 to 210 mpi. Bars represent
mean numbers of E. ictaluri bacteria colocalized in acidic vacuoles for three
independent experiments plus standard errors. Asterisks indicate significant
differences (P ⱕ 0.05).

Arginase activity. To evaluate the effect of infection of HKDM with
both the WT and urease mutant strains on arginase activity, nitric oxide
and urea concentrations were measured using a nitric oxide assay kit
(Abcam) and a urea assay kit (Abcam) according to the manufacturer’s
instructions.
Statistical analysis. Data for gentamicin survival assays in HKDM
were determined by analysis of variance (ANOVA) using the general linear methods procedure (Proc GLM) (SAS 9.3; SAS Institute Inc.). The fold
increase was determined by dividing the CFU/well from time points past
time zero by the mean CFU/well at time zero for each strain. Mean fold
replication was then calculated, along with the standard error of the mean.
When the model indicated significance (P ⱕ 0.05), a least-square mean
procedure was used for pairwise comparison of interaction effects. For the
ECV acidification assays using LTR, mean percent acidification was analyzed by ANOVA following an arcsine transformation of the percentage
data.

RESULTS

Replication of OG-stained E. ictaluri in channel catfish macrophages. Survival and replication of the OG-stained WT compared
to the unstained WT, as determined by the gentamicin exclusion
assay in channel catfish HKDM, are presented in Fig. 1. There was

no significant difference in fold increase between the WT strain
and the OG-stained WT at 4, 8, or 10 hpi.
Acidification of the ECV as evaluated using LTR. LTR studies
demonstrated colocalization of E. ictaluri within red-stained
acidified vacuoles (Fig. 2), although not all E. ictaluri organisms were in acidified vacuoles at any given time (Fig. 3). When
cells were exposed to LTR from 30 to 90 mpi, 20.8% of the
bacteria were in acidified vacuoles. At 90 to 150 mpi, the number increased to 52.5%, and then declined to 13.0% when bacteria were exposed from 150 to 210 mpi, suggesting that a total
of 86.3% of the vacuoles were acidified. This was confirmed by
exposing the cells to LTR for a full 210 min, after which 86.0%
of the vacuoles were acidified, indicating that acidification occurs primarily from 30 to 210 mpi. Because the green-to-red
shift of LTR is not reversible if the pH neutralizes, LTR was
added at three different times to demonstrate the reduction in
acidified vacuoles over time. When the urease mutant was used,
all of the vacuoles were acidified, even when LTR was added at
150 to 210 min postinfection.
In vivo ratiometric determination of the ECV pH. At 150
mpi, the majority of ECV containing the WT had a pH greater
than pH 6 (Fig. 4). The relatively wide spread of data in the experimental group, in most cases well above pH 6, but in some cases as
low as pH 4, is consistent with the wide time spread seen for initial
acidification to occur in the LTR studies. At the same time point,
the majority of WTD were digested, and the majority of vacuoles
that contained remnants of WTD had a pH of about 4, which is in
agreement with other studies concerning typical phagosome acidity (11).
Effect of bafilomycin A1 on ECV acidification and E. ictaluri
replication within HKDM. Using WTD in the LTR assay indicated that bafilomycin is an inhibitor of vacuolar ATPases in channel catfish, effectively preventing acidification of phagocytic vacuoles if maintained throughout the experiment (Fig. 5). Removal
of bafilomycin A1 60 min prior to LTR exposure, however, resulted in acidification of more than 70% of the vacuoles, indicating that the effect of bafilomycin A1 is reversible if the drug is
removed. When infected HKDM were exposed to bafilomycin A1
at 110 or 210 mpi for the remainder of the experiment, there was

FIG 4 In vivo determination of the pH of the ECV in E. ictaluri-infected channel catfish HKDM at 150 mpi, using WT and heat-killed WT (WTD) bacteria. Plots
show data ranges, interquartile ranges (middle 50% of data points; gray boxes), and means (⫹). Vacuolar pHs 4, 5, and 6 represent the vacuolar pHs established
using ionophore calibration solutions to generate fluorescence ratio values. Exp, measurement of fluorescence ratios of the ECV when macrophages were bathed
in neutral saline. Ratios represent the relative fluorescence of OG at 510 and 450 nm. Results from three independent experiments were combined.
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FIG 7 Replication of E. ictaluri in HKDM treated with the vacuolar H⫹-

FIG 5 Acidification of HKDM vacuoles containing heat-killed E. ictaluri and
exposed to LTR from 150 to 210 min postinfection. The vacuolar H⫹-ATPase
inhibitor bafilomycin A1 was either removed at 90 min postinfection or maintained throughout the 210 min of the experiment. The results show that bafilomycin A1 prevents vacuolar acidification and that the effect is reversible if
bafilomycin is removed. Asterisks indicate a significant difference from cells in
which the LTR was removed after 90 min (P ⱕ 0.01).

no significant effect on replication (Fig. 6), further suggesting that
acidification is an early event in pathogenesis, not an effect of
long-term exposure to bafilomycin A1 on the vacuolar H⫹ATPases or some other physiological process later in the infection.
Short-term treatment of HKDM with 100 nM bafilomycin A1
did not reduce intracellular replication of E. ictaluri, but treatment
of HKDM with bafilomycin A1 throughout the experiment significantly reduced intracellular replication (Fig. 7). Replication of E.
ictaluri in the short-term-treated cells after removal of bafilomycin A1 demonstrates that bafilomycin A1 does not affect bacterial
uptake or survival in HKDM.

60

40

ATPase inhibitor bafilomycin A1. Head kidney-derived macrophages were exposed to 100 nM bafilomycin A1 until the gentamicin killing dose was removed
or were exposed for the full duration of infection. The results indicate that
acidification is required for intracellular replication of E. ictaluri. Bars represent mean fold increases at 10 h postinfection for three independent experiments plus standard errors. Asterisks indicate a significant difference from
untreated cells (P ⱕ 0.01).

Neutralization of the ECV. WT E. ictaluri is able to neutralize the ECV following acidification, but the ECV of the urease
knockout mutant remained acidified (Fig. 8), demonstrating
that neutralization of the WT ECV is mediated by the bacterial
urease. When HKDM arginase activity was specifically inhibited using L-norvaline, the ECV also remained acidified, indicating that arginase activity is the source of the urea for the
urease reaction (Fig. 9). As predicted by the failure of the WT to
neutralize the ECV when arginase activity was inhibited by
L-norvaline, the WT was unable to replicate in norvalinetreated HKDM (Fig. 10), further confirming that ECV neutralization is required for replication.
Arginase activity. Nitric oxide was not detected following infection with either the WT or the urease mutant. Urea concentrations, however, increased significantly for both strains after 30
mpi, declining to noninfected cell levels at 210 mpi for the urease
mutant but remaining significantly elevated even at 210 mpi for
the WT (Fig. 11).
DISCUSSION
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FIG 6 Fold increase of E. ictaluri in HKDM treated or not treated with the

vacuolar H⫹-ATPase inhibitor bafilomycin A1. Treated HKDM were exposed
to 100 nM bafilomycin A1 for the full duration of infection (Continual), or
bafilomycin A1 was added at 110 mpi or 210 mpi for the remainder of the assay.
Data represent mean fold increases at 10 h postinfection for 8 replicate wells
plus standard errors. Asterisks indicate a significant difference from untreated
cells (P ⬍ 0.01).
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When a bacterium enters a host, it is usually engulfed by phagocytic cells, including macrophages and dendritic cells, which internalize it into a vacuole known as a phagosome. Newly formed
phagosomes are immature organelles that are unable to kill and
degrade microorganisms. In macrophages and dendritic cells,
phagosomes mature over time by fusing with endosomes and
lysosomes, which deliver various hydrolases and proteases to the
lumen of the phagosome (12, 13). As a central event in phagosome
maturation and hydrolase/protease activation, the phagosomal
lumen is acidified to pH 4 to 5 by membrane-embedded ATP
complexes, the vacuolar H⫹-ATPases. The result is a harsh, lytic
environment that kills and degrades most microbes.
Successful intracellular bacterial pathogens have evolved strategies to combat phagosomal maturation, including avoidance, prevention, and resistance. Listeria monocytogenes, Shigella flexneri,
Francisella tularensis, and Rickettsia spp. disrupt the phagosomal
membrane and escape to the cytoplasm (14–17). Brucella abortus
and Legionella pneumophila evade macrophage killing by escaping
from the endocytic pathway and developing a replicative vacuole
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FIG 8 In vivo determination of vacuolar pH, comparing a urease mutant (⌬ureG) to wild-type E. ictaluri at 150 to 180 mpi. Plots show data ranges, interquartile

derived from the endoplasmic reticulum (18, 19). Chlamydia spp.
bypass the endocytic pathway and enter novel sphingomyelincontaining vacuoles derived from the Golgi apparatus (20, 21).
Coxiella burnetii resists the vacuolar environment and is able to
survive and replicate within a large, acidified phagolysosome-like
vacuole (22, 23). Salmonella-containing vacuoles (SCV) acidify
soon after formation and then progress through a modified maturation process that promotes Salmonella survival and replication
in the acidified vacuole, primarily through the action of the Salmonella pathogenicity island 2 (SPI2)-encoded type III secretion
system (T3SS), which is essential for virulence and intracellular
replication (24, 25).
Like the SCV, the ECV initially acidifies, in a process required for intracellular replication. For Salmonella grown in
bone marrow-derived macrophages (BMDM), which are homologous to HKDM, acidification of vacuoles to pH 4 occurs within
75 to 80 mpi (24), while ECV acidification is not as synchronous
and occurs from 30 to 210 mpi. As in the development of the SCV,
failure of E. ictaluri to replicate in the presence of bafilomycin A1

indicates that acidification is dependent on the action of the vacuolar H⫹-ATPases in the ECV membrane. Unlike the SCV, which
remains acidified, the ECV subsequently requires neutralization
for intracellular replication. In contrast, artificial neutralization of
the SCV at 2 hpi results in a loss of viability (24).
Although structurally similar to the acid-activated ureases
produced by Yersinia enterocolitica, Morganella morganii, and
Klebsiella pneumoniae, which mediate acid tolerance, Booth et al.
(6) demonstrated that the E. ictaluri-encoded urease is acid activated but is not required for acid tolerance. Failure of the ECV to
neutralize when a urease knockout mutant is used indicates that
the ammonia produced by the urease reaction acts as a proton sink
for ECV neutralization. Treatment of E. ictaluri-infected HKDM
with L-norvaline prevented neutralization of the ECV in the ratiometric, live-cell imaging assay (Fig. 9) and also prevented intracellular replication (Fig. 10). These results indicate that suppression
of HKDM arginase activity by L-norvaline and the subsequent loss
of urea production resulted in limited production of ammonia by
the E. ictaluri urease enzyme and in failure of the ECV to neutral-

FIG 9 In vivo determination of the pH of the ECV in channel catfish HKDM with and without 10 mM of the specific arginase inhibitor L-norvaline for 60 mpi.

Plots showing data range (whiskers), interquartile range (the mid-50% of data points; box), and the mean (designated ⫹). Vacuolar pH at 4, 5, and 6 represents
vacuolar pH using ionophore calibration solutions to generate fluorescent ratio values. “Exp” represents the measurement of fluorescent ratios of the ECV when
macrophages were bathed in neutral saline. “Ratio” represents the relative fluorescence of OG at 510 and 450 nm. Results are combined from 2 independent
experiments and indicate that the HKDM arginase enzyme is required for ECV neutralization.
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ranges (middle 50% of data points; gray boxes), and means (⫹). Vacuolar pHs 4, 5, and 6 represent vacuolar pHs obtained using ionophore calibration solutions
to generate fluorescence ratio values. Exp, measurement of fluorescence ratios of the ECV when macrophages were bathed in neutral saline. Ratios represent the
relative fluorescence of OG at 510 and 450 nm. Results were combined from two independent experiments and indicate that the E. ictaluri urease enzyme is
required for ECV neutralization.
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L-norvaline-treated HKDM. The results show that the WT increased over 15fold after 10 h, while norvaline treatment to block arginase activity and prevent
ECV neutralization also prevented WT replication. L-Norvaline treatment did
not affect WT survival. Results are presented as means plus standard errors for
three wells per treatment per time point and are representative of three independent experiments. Asterisks indicate a significant difference from untreated cells (P ⱕ 0.001).

FIG 11 Urea concentrations in HKDM at 30 mpi and 3 h 30 mpi in uninfected

June 2014 Volume 82 Number 6

HKDM and HKDM infected with the WT or urease knockout strain of E.
ictaluri. Asterisks indicate a significant difference from uninfected cells: **, P ⱕ
0.01; and ***, P ⱕ 0.001.

the pH of the ECV to a level permissive for E. ictaluri replication. The specific role of the T3SS in promoting further development of the ECV and E. ictaluri replication remains to be
determined.
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